Objective: Non-ischemic mitral regurgitation (MR) is primarily caused by myxomatous mitral valve (MV) disease leading to adaptive remodeling, enlargement, and dysfunction of the left ventricle. The aim of this study was to examine the regulation of plasma markers and several cardiac key genes in a novel porcine model of non-ischemic MR. Methods and results: Twenty-eight production pigs (Sus scrofa) were randomized to experimental MR or sham surgery controls. MR was induced by external suture(s) through the posterior MV leaflet and quantified using echocardiography. The experimental group was subdivided into mild MR (mMR, MRZ20-50%, nZ10) and moderate/severe MR (sMR, MR O50%, nZ6) and compared with controls (CON, MR %10%, nZ12). Eight weeks postoperatively, follow-up examinations were performed followed by killing. Circulating concentrations of pro-atrial natriuretic peptide (proANP), L-arginine, asymmetric dimethylarginine, and symmetric dimethylarginine (SDMA) were measured. MV, anterior papillary muscle, and left ventricular free wall tissues were collected to quantify mRNA expression of eNOS (NOS3), iNOS (NOS2), MMP9, MMP14, ANP (NPPA), BNP (NPPB), and TGFB1, 2, and 3 and five microRNAs by quantitative real-time PCR. Pigs with sMR displayed markedly increased plasma proANP and SDMA concentrations compared with both controls and mMR (P!0.05). The expression of all genes examined differed significantly between the three localizations in the heart. miR-21 and miR-133a were differently expressed among the experimental groups (P!0.05). Conclusions: Plasma proANP and SDMA levels and tissue expression of miR-21 and miR-133a are associated with severity of chronic MR in an experimental porcine model.
Introduction
Non-ischemic mitral regurgitation (MR) is defined as incomplete coaptation of the mitral valve (MV) resulting in backflow of blood from the left ventricle to the left atrium during systole. MR is primarily caused by myxomatous MV disease (MMVD), leading to adaptive remodeling, enlargement, and subsequent dysfunction of the left ventricle (1) . Severe MR may need surgery, and if left untreated, it can cause heart failure or serious arrhythmia. In the USA, about 18 000 patients undergo MV surgery every year (2) . Still, the pathophysiology of MMVD is incompletely understood and further elucidation of the mechanisms involved herein is needed to improve diagnostics and therapy. It is unclear what initiates the degenerative cellular changes in the MV and myocardium leading to the disease and the extent to which hemodynamic features of MR affect cellular factors.
Animal models of naturally occurring and experimentally induced MR are described. MMVD is the most common cause of MR in dogs and the pathology is similar to primary MV prolapse in humans (3) . Narrowing of intramural vessels in the left ventricle correlates with echocardiographic measurements of MR severity in dogs, indicating that cellular processes in the myocardium might also have an impact on MMVD progression and vascular function (4) .
Several diagnostic techniques have been developed to investigate the etiology and pathophysiology of MR including circulating biomarkers. Plasma concentrations of atrial and brain natriuretic peptides (ANP and BNP) are useful in the diagnosis of canine heart failure and may also aid in the detection of severe preclinical MR (5) . Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide synthase (NOS) and several studies in human patients show correlation between changes in plasma ADMA concentrations, endothelial dysfunction, and cardiovascular risk (6) .
Several studies have highlighted the role of cellular markers including matrix metalloproteinases (MMPs), transforming growth factor b (TGFb) isoforms, NOS, and natriuretic peptides (7, 8, 9, 10) . Moreover, microRNAs have emerged as new players in many developmental and pathological processes, i.e. cardiac development and heart hypertrophy.
The disadvantage of the clinical studies in patients and animals with naturally occurring MR is the difficulty in controlling factors such as age, lifestyle, treatments, and other concurrent diseases. However, these factors can be avoided in studies of experimental animal models. By using large animal models (i.e. pigs), physiologically and genetically closer to humans than rodents, improved understanding of disease and potential testing of new therapeutic and diagnostic approaches ensues (11, 12) .
In this study, a novel porcine model of non-ischemic chronic MR provides a platform for further investigations of the hemodynamic features of chronic MR and the association with plasma markers and cellular processes in the heart. We have characterized the model by examining pro-atrial natriuretic peptide (proANP), L-arginine, ADMA, and symmetric dimethylarginine (SDMA) concentrations in plasma and the regulation of several valvular and myocardial key genes (NOS3 (eNOS), NOS2 (iNOS), MMP9, MMP14, TGFB1, TGFB2, TGFB3, NPPA (ANP), and NPPB (BNP )) and key microRNAs (miR-1, miR-21, miR-23a, miR-133a, and miR-195).
Materials and methods

Experimental animals
Forty-three female Danish Landrace/Yorkshire pigs (Sus scrofa) weighing w20 kg were randomized to either intervention (MR, nZ30) or control (CON, nZ13) groups. The intervention group had surgically introduced MR, while the control group underwent sham operation.
Animal handling was performed according to the guidelines from the Danish Inspectorate for Animal Experimentation and adhered to the principles provided in the Guide for Care and Use of Laboratory Animals and the Directive 2010/63/EU of the European Parliament. If the animals suffered from refractory pain or failed to thrive, they were killed.
Anesthesia
Animals were premedicated with i.m. midazolam 0.5 mg/kg and ketamine 5 mg/kg. Anesthesia was initiated by i.v. administration of hypnomidate 0.5 mg/kg. Animals were intubated endotracheally and coupled to a ventilator. Cefuroxime 750 mg was i.v. administered both pre-and postoperatively to prevent infection. General anesthesia was maintained with inhalational sevoflurane (3%) and analgesia was induced by bolus administration of fentanyl 8 mg/kg. Muscle paralysis was achieved by administrating esmeron 2.5 mg/kg. Adequacy of anesthesia was monitored by continuous ECG, pulse oximetry, and capnometry. Postoperative analgesia was achieved by flunixine 0.4 mg/kg once daily for 3 days. Buprenorphine 0.6 mg was administered i.m. if deemed necessary.
Surgical technique
Surgical induction of MR is described in detail elsewhere (13) . Briefly, from a left-sided thoracotomy, the posterior mitral leaflet was fixated by one to three sutures applied through the myocardium of the left ventricle, w1 cm dextrolaterally and 1 cm apically of the coronary sinus, and advanced through the P2 segment of the posterior leaflet and the left atrium. Before closure, presence of MR was assessed echocardiographically and by digital thrill palpation. The control group underwent sham operation with left thoracotomy and opening of the pericardium. The posterior MV leaflet was left untouched in this group, and after echocardiographic assessment to verify MV competence, the chest was closed in layers. When hemodynamic stability was achieved and the pigs were breathing spontaneously, they were transported to the farming facilities.
Echocardiography
Standardized images were acquired in accordance with the recommendations for transthoracic echocardiography in left and right lateral recumbency using a Vivid E9 echocardiograph equipped with a 2.0-5.0 MHz transducer (GE Healthcare, Horten, Norway). Echocardiograms were performed preoperatively and at follow-up using the same protocol as described elsewhere (13) . Data analysis was performed by one investigator using Echopac (GE Healthcare). All values reported were averages of three consecutive heart cycles. Using 2D-guided M-mode performed on the short axis view at the level of the chordae tendineae, left ventricular diastolic internal dimensions (LVIDd) were measured. MR was quantified (to the nearest 5%) as the maximum area of the regurgitant jet measured in percentage of the area of the left atrium in two orthogonal planes (parasternal and apical four-chamber views).
Reexamination and tissue sampling
After a follow-up period of 8 weeks, each animal was anesthetized and reexamined using the same anesthetic and echocardiographic protocol as at baseline. Next, a sternotomy was performed and blood samples were taken by venipuncture of the pulmonary artery and centrifuged within 30 min of collection. Plasma samples were stored at K80 8C until analysis. Pigs were killed by exsanguination, after which the heart was eviscerated and weighed. Immediately thereafter, the heart was dissected and samples from the posterior MV leaflet, anterior papillary (AP) muscle, and left ventricular (LV) free wall were stored in RNAlater for 24 h at 4 8C followed by storage at K20 8C until RNA extraction. Samples from the anterior MV leaflet were fixed in formalin and embedded in paraffin for histopathological examination following standard procedures.
Plasma analyses
Plasma concentrations of endogenous proANP were measured using an immunoassay developed recently (14, 15) . The inter-assay coefficient of variation (CV) was always !15%.
Plasma concentrations of L-arginine, ADMA, and SDMA were determined simultaneously by HPLC as described previously (16), using modified chromatographic separation conditions (17). The L-arginine, ADMA, and SDMA had an analytical recovery of 98-102% and the inter-assay CV was !3% for all compounds. Routine hematology and biochemical analyses were also performed.
RNA extraction and quality assessment
Approximately 50 mg tissue stored in RNAlater was used for total RNA extraction using the RNeasy fibrous tissue mini kit (Qiagen Gmbh, Hilden, Germany). The RNA was quantified using a NanoDrop 1000 machine (Thermo Fisher Scientific Inc, Waltham, MA, USA). The RNA integrity was evaluated on an Experion system (Bio-Rad, Hercules, CA, USA) using Experion l RNA StdSens Analysis Kit (Bio-Rad). All samples showed excellent RNA quality indexes (RQIs) with values over 6.8 (only one sample, SG17 valve had a RQIZ4.7). In detail, the average RQI value for the MV samples was 8.7G1.064, for the LV samples 9.0G0.68, and for the AP samples 9.0G0.35.
cDNA synthesis
Two cDNA replicates were made for each RNA sample. Shortly, 1 mg total RNA was reverse transcribed at 42 8C using Improm-II reverse transcriptase (Promega, Madison, WI, USA) and a mixture 3:1 of random hexamers: OligodT. For microRNA detection, the cDNA synthesis was performed as described in reference (18) . All cDNA samples were diluted 1:8 in dH 2 O prior to use in quantitative real-time PCR (qPCR).
qPCR primers
Primer sets for MMP1, MMP9, MMP14, ANP, BNP, TGFB1, TGFB2, and TGFB3 were designed using Primer 3 Software (http://bioinfo.ut.ee/primer3-0.4.0/). Primers were designed over introns if possible. Primers for the eNOS and iNOS genes were taken from reference (19) . Primers for the HPRT (HPRT1), TBP, and RPL4 (reference genes) were taken from reference (20) .
Primers for the microRNAs (let7a, miR-16, miR-21, miR-23a, miR-1, miR-133a, and miR-195) were designed as described by reference (18) (primer sequences, amplicon size, and PCR efficiencies are listed in Supplementary  Table 1 , see section on supplementary data given at the end of this article).
Quantitative real-time PCR
QuantiFast SYBR Green PCR Kit (Qiagen) was used for the qPCR amplification. Briefly, in a total volume of 10 ml, 2 ml dH 2 O, 5 ml 2! QuantiFast mastermix, 0.5-1 ml 10 mM forward primer, 0.5-1 ml 10 mM reverse primer, and 1ml 1:8 diluted cDNA were mixed in white PCR plates (Thermo Fisher Scientific). The qPCRs were performed on a Mx3000 machine (Stratagene, Santa Clara, CA, USA). The PCR thermal profile was as follows: 95 8C for 5 min, 40 two-step cycles of 95 8C for 10 s, 60 8C for 30 s, and a melting curve analysis (55-95 8C) was performed in the last cycle to evaluate specificity. Assay efficiency for each gene was calculated using a dilution serial of the purified PCR product generated by each specific primer pair. The baseline adjustment method of the Mx3000/MxPro (Stratagene) Software was used to determine the Cq in each reaction. Expression data were analyzed using the GenEx Pro Software (Multid Analyses AB, Göteborg, Sweden): Cq values were normalized to the geometric mean of the reference genes (HPRT, RPL4, and TBP for mRNAs and let7a and miR-16 for microRNAs) and the average was calculated for each pair of cDNA replicates. Finally, relative quantities were calculated for each marker in relation to the lowest expressed sample.
Statistical analysis
Statistical analysis was performed using SAS Statistical Software version 9.2 (SAS, Cary, NC, USA) and GraphPad Prism version 5 (GraphPad Prism, La Jolla, CA, USA).
A one-way ANOVA with Bonferroni's multiple comparisons test or a Kruskal-Wallis test was used to test the difference in plasma markers between the groups. Linear regression analyses were performed to assess the correlation between plasma markers (proANP and SDMA) and echocardiographic markers (MR and LVIDD) and mRNA markers.
Linear mixed effects models were used to evaluate the influence of heart locations (MV, LV, and AP) and experimental groups (CON, mild MR (mMR), and moderate/severe MR (sMR)) on the expression levels for the different genes (nine protein-coding genes and five microRNAs). The variable 'pig' was included as random effect. The interaction between heart location and experimental group was included in the respective models. All models were tested for homogeneity and normality of the residuals by inspection of histograms, residual plots, and QQ plots. A P value !0.05 was considered significant. If significant overall effects of group and/or heart location were found, post hoc comparisons were performed using t-tests with Tukey corrections of the P values.
Principal component analysis (PCA), which reveals the internal structure of the data, was applied to autoscaled log 2 expression values of all investigated genes and was performed in GenEx (Multid Analyses). Each gene was autoscaled to give all genes equal weight in the clustering algorithm.
Results
Model validation
The model has been described previously (13) . Briefly, 35 pigs survived 8 weeks. Ten percent MR was chosen as the cutting point (as 10% was the upper limit for naturally occurring MR in the control group). Five pigs were excluded because of failure to induce MR above 10%. Two animals were excluded due to mediastinal infection with implication of the heart. Accordingly, 28 pigs were subjected to further analysis: 12 control pigs (CON) had MR %10%, ten intervention pigs had mMR (10%!MR%50%), and six pigs had sMR (MR O50%). A significant increase in LVIDd was seen in the mMR group and the sMR group compared with CON, and LV weight differed significantly between the CON and the sMR groups (see (13) , Table 1 Table 2 shows the severity and distribution of lesions among the different groups).
Plasma analyses
Plasma concentrations were analyzed in all pigs except for one control pig. There was a significant increase in plasma proANP concentration in pigs with sMR compared with mMR and control pigs (PZ0.003, Table 1 , Fig. 1 ). Furthermore, there was a significant correlation between increasing plasma proANP concentrations and increasing percentage MR (PZ0.002, R 2 Z0.42) and LVIDD (PZ0.001, (Fig. 2) . Plasma SDMA concentration was significantly higher in pigs with sMR compared with mMR and control pigs (PZ0.003, Table 1 , Fig. 3) , and a significant correlation between plasma SDMA concentration and increasing MR (PZ0.001, R 2 Z0. 35) and LVIDD (PZ0.006, R 2 Z0.26) was found (Fig. 4) . No difference among groups was found for plasma L-arginine and ADMA concentrations (Table 1) . No decisive abnormalities or differences between groups were found in the hematology and biochemical analyses performed.
Quantitative real-time PCR
Tissue from the three locations of the heart (MV, LV, and AP) from six control pigs (with the lowest MR, all %5%), ten mMR pigs, and six sMR pigs were used for qPCR analysis (see Fig. 5 ).
Protein-coding genes " qPCR results for the MMP1 gene were under the limit of detection and were excluded from the analysis. The other nine genes showed significant differential expression between the three heart localizations (see Fig. 5A ). Only one gene, ANP, showed a significant difference between experimental groups (see Fig. 5B ).
ANP There was a big variation between samples in the MV heart location. For this tissue, six samples belonging to the three experimental groups showed levels of expression under the limit of detection and results from the two cDNA replicates of these six samples were in complete agreement, pointing to real biological variation of the valvular expression levels of the ANP gene and not to a technical artifact. Therefore, we excluded data for the MV location for further statistical analysis. Subsequently, we compared the three experimental groups in the two remaining heart locations and found a significant interaction between heart location and experimental group (PZ0.02). Post hoc analyses revealed significantly higher expression in the AP in the sMR group compared with the mMR group (PZ0.03) but not when compared with the CON group.
MicroRNAs " All microRNAs showed a significant differential expression between the three heart locations (see Fig. 5A ). For two of the microRNAs, miR-21 and miR-133a, the interaction between experimental group and heart location was statistically significant, indicating that the microRNAs at the different heart locations were also influenced by experimental group (see Fig. 5B , C, D and E).
miR-21 A significant effect of the interaction between experimental group and heart location (PZ0.02) was found. Within the sMR group, there was a significantly higher expression in the MV compared with the LV (PZ0.002) and the AP (PZ0.0003). Similarly, there was a significantly higher expression in the MV than in the AP (PZ0.007) within the mMR group. The valvular expression in the sMR group was significantly higher than the valvular expression in the CON (P!0.0001) and the mMR groups (PZ0.01). Moreover, the valvular expression in the sMR group was significantly higher than the expression in the LV of both the CON (PZ0.0002) and the mMR groups (PZ0.0002) and also higher than the expression in the AP of the CON (P!0.0001) and mMR groups (P!0.0001). The increase in valvular expression of miR-21 correlated significantly with the increase in plasma proANP (PZ0.01, R 2 Z0.30).
miR-133a
There was an effect of experimental group (PZ0.0061) and location (P!0.0001) but not the interaction between them. MV had a significantly lower expression than LV (PZ0!0.0001) and AP (P!0.0001). LV had a significantly higher expression than AP (P!0.0001). sMR had significantly lower expression than both CON (PZ0.0149) and mMR (PZ0.0103).
The results of the PCA are shown as the twodimensional contribution scores for component numbers 1 and 2 (PC1 and PC2; see Fig. 6 ). The PCA analysis of all 14 investigated genes was able to differentiate between the three heart locations, MV, LV, and AP (Fig. 6A) but not between the experimental groups (Fig. 6B) .
Discussion
This study evaluated biochemical regulation of plasma markers and key genes in a novel porcine model of LV hypertrophy and enlargement was demonstrated in the sMR group compared with the CON group (13) , and the hemodynamic changes also led to an increase in the severity of histopathological changes of the MV in the MR groups compared with the CON group (Cremer SE, Zois NE, Moesgaard SG, Ravn N, Cirera S, Honge JL, Smerup MH, Hasenkam JM, Sloth E, Leifsson PS et al., 2013, unpublished observations). Plasma proANP concentrations were significantly increased in the sMR group compared with both mMR and controls. The increases in plasma proANP concentration correlated with increases in MR and LVIDD corroborating the echocardiographic and histopathological findings. Natriuretic peptides are a family of structurally related peptides involved in the integrated control of renal and cardiovascular function (21) . Natriuretic peptides decrease cardiac preload, suppress renin and aldosterone secretion, and exert natriuresis. ANP and BNP are released by myocardial tissue primarily in response to increased stretch of the atrial and myocardial walls (22) . Interestingly, canine studies show that proANP is also increased in severe but asymptomatic stages of MR as well as in dogs with clinical signs of congestive heart failure due to MMVD (5). Our study shows that, in agreement with what is seen in both human and canine patients with MV insufficiency (23), proANP can be used as a marker of LV hypertrophy also in this experimental porcine model. Moreover, it underlines that the increase in proANP is strictly correlated with the development of MV insufficiency and the corresponding LV hypertrophy as this model was not influenced by co-morbidities or environmental variations as is the case with patients.
Human and canine heart failure patients (including patients suffering from valvular disease) show endothelial dysfunction and remodeling of vessels (4, 24, 25) . Several studies in human patients demonstrate correlations between ADMA, endothelial dysfunction, and cardiovascular risk (6) . The clinical role of SDMA (structural isomer of ADMA) remains unclear. SDMA is almost completely eliminated by renal excretion and is a good marker of renal function (26) . Furthermore, SDMA is of clinical significance as an independent cardiovascular risk factor associated with increased cardiovascular mortality and N-terminal pro-B-type natriuretic peptide (27) . Because pig blood urea nitrogen and creatinine values did not differ significantly between groups, indicating similar renal function, it is likely that the plasma SDMA concentration was affected by increasing MR and more subtle renal S  NS  eNOS  NS  S  NS  iNOS  NS  S  NS  MMP9  NS  S  NS  MMP14  NS  S  NS  TGFB1  NS  S  NS  TGFB2  NS  S  NS  TGFB3  NS  S  NS  BNP  NS  S  NS (8, 28) . MMPs are involved in the regulation of TGFB isoforms (TGFB1, B2, and B3). In the heart, TGFB stimulates genes responsible for controlling fibrosis, angiogenesis, cell proliferation, differentiation, migration, and apoptosis (29) . In advanced canine MMVD, activated valvular interstitial cells strongly express TGFB1 and TGFB3, indicating involvement in the myofibroblast-like differentiation of these cells (28, 30) . Little is known about the regulation of the myocardial changes associated with MR (4). In this study, we examined several valvular and myocardial key genes (eNOS, INOS, MMP9, MMP14, TGFB1, TGFB2, TGFB3, ANP, and BNP), which are affected in animal models of MMVD. However, the hemodynamic changes inducing MR in this experimental model did not lead to significant de-regulation of the expression of any of these genes. The expression of ANP was significantly increased in AP tissue from sMR pigs compared with mMR pigs. However, as the ANP expression in AP did not differ significantly between sMR and control pigs, it cannot be concluded whether these changes are related to MR or the plasma ANP concentration. The results of the qPCR analysis support the plasma ADMA measurements indicating that endothelial function and local eNOS and iNOS expression in the heart were not affected by the experimentally induced MR. The pigs in this study mainly developed asymptomatic MR over a period of 8 weeks, and although six pigs had MR O50%, they did not require any treatment and did not suffer from congestive heart failure. MMP and TGFB expressions are affected in canine hearts with severe MMVD (8, 9, 30) . These proteins seem to be involved in remodeling and cellular repair processes. It is likely that these genes are not affected until later stages of MR with extensive cardiac remodeling. Future studies including more pigs developing sMR over a longer period of time are needed to clarify this point.
Hereby, we also investigated the expression profile of relevant microRNAs primarily associated with cardiac hypertrophy. Our results show that in the current model, two of the investigated microRNAs are differentially expressed between the three experimental groups of animals. While miR-21 is upregulated in MV of the sMR group, miR-133a is downregulated in MV of the sMR group. miR-21 is de-regulated in many pathological conditions as cancers or heart diseases. The fact that miR-21 is more expressed in MV than in LV and AP can be explained by the valvular changes during MR, with the extent of changes depending on the severity of the MR (31) . Therefore, pigs with sMR (MR O50%) would experience more pathological changes translating in upregulation of the expression of the miR-21 in the sMR group. The upregulation of miR-21 correlated significantly with the increase in plasma proANP concentration, which could indicate that both genes belong to the same network influencing MV remodeling.
miR-133a shows differential expression between heart locations and between experimental groups in our study, being downregulated in MV of the sMR group. miR-133a is a known microRNA abundant in cardiac and skeletal muscle (32) . It has been described to be involved in cell specification, differentiation, and development. This microRNA is downregulated during cardiac hypertrophy (33, 34, 35) in agreement with our results. PCA of the qPCR data. A two-dimensional plot (PC1 and PC2) is shown. (A) PCA on heart locations and (B) PCA on experimental groups. Scaling of log 2 relative quantities for all genes was included in the analysis.
